All relevant data are available at the Dryad Digital Repository and can be accessed using the following link: <https://doi.org/10.5061/dryad.9tr75>.

Introduction {#sec001}
============

Work tasks in manufacturing settings are often predictable; however, jobs in agriculture, transportation, forestry, and construction are typically less routinized, non-cyclical, peripatetic, and involve both discretionary and non-discretionary work breaks \[[@pone.0188468.ref001]--[@pone.0188468.ref003]\]. In these sectors and in many contemporary jobs, workers are exposed to a mix of work activities, including exposure to seated whole body vibration (WBV) with tasks consisting of physical, mental, or a combination of demands \[[@pone.0188468.ref004]\]. Unfortunately, conventional exposure and risk assessment methods, which assume regular work cycles to extrapolate into longer time periods, are not well suited to evaluate the risk of musculoskeletal disorders and other adverse health outcomes in non-routinized work \[[@pone.0188468.ref002]\]. Although risk assessment tools and methods developed for non-routinized jobs have emerged \[[@pone.0188468.ref002]\], there remains limited information on the combined effects of various work demands and activities on MSD risk. These effects can be documented by measuring the operator's fatigue, which is operationally defined as a multidimensional construct that involve physical, cognitive, and visual processes, and commences from the start of activity.

Non-routine work such as agriculture has been shown to involve physical demands (e.g., manual material handling, shovelling, pitch fork work, picking and pruning, and overhead work \[[@pone.0188468.ref005]--[@pone.0188468.ref006]\]). Tasks such as maintenance and handling livestock, also involve mental demands that require routine (i.e., regulated actions that are performed unconsciously and automatically) or active knowledge (i.e., regulated actions performed consciously through established cognitive rules or algorithms) \[[@pone.0188468.ref007]\]. Agricultural work also consists of frequent exposure to seated WBV from farm equipment and vehicle operation \[[@pone.0188468.ref008]\]. These primary tasks and demands may occur sequentially; for instance, farmers might operate an all-terrain vehicle quad bike (ATV) to herd/handle livestock or travel to various locations on the farm, and at their destination they might perform repetitive heavy loading and unloading lifting tasks. Strong evidence indicates that physically demanding work such as forceful and repetitive exertions can lead to fatigue effects, which are subsequently related to increased risk of occupational incidents and may be a precursor to musculoskeletal disorders \[[@pone.0188468.ref009]\]. Mentally demanding tasks have also been linked to elevated risk of occupational accidents \[[@pone.0188468.ref010]\]. It has been postulated that mental demands may decrease vigilance and increase mental fatigue, leading to increased reaction time, errors, and false alarms \[[@pone.0188468.ref011]\]. When physical and mental demands are concurrent, the risk of injury is likely exacerbated. For instance, physical capacity is adversely affected by mental demand, resulting in a decrease in endurance time, increased fatigability, quicker rate of strength decrement, and slower heart rate recovery \[[@pone.0188468.ref012]\]. In another study, significant increases in spine loading were observed with concurrent cognitive and physical tasks; less controlled trunk motion and increase in torso muscle co-activation was attributed to work-related mental processing \[[@pone.0188468.ref013]\]. Not surprisingly, both physical and mental demands also contribute to decrements in operation system performance, such as increased work error rates \[[@pone.0188468.ref014]\].

There is strong epidemiological evidence that on its own, prolonged exposure to intense seated WBV can lead to long-term health problems. Whole body vibration may be a risk factor for the development of low back pain, peripheral nervous system dysfunction, visual and vestibular disturbances, prostate disorders, and gastrointestinal problems \[[@pone.0188468.ref015]--[@pone.0188468.ref017]\]. The acute effects of occupational levels of WBV is less understood and the evidence is inconclusive \[[@pone.0188468.ref018]\], but has been speculated to be a contributing factor to fatal and non-fatal occupational injury \[[@pone.0188468.ref019]\], including machinery-related injuries, falls, and vehicle crashes \[[@pone.0188468.ref020]--[@pone.0188468.ref021]\]. According to Transport Canada, 19.5% of all road fatalities between 2003 and 2007 were a result of heavy vehicle collisions, a vast majority of crashes were attributed to driver error \[[@pone.0188468.ref022]\]; it has been speculated that these errors may be caused or compounded by the effects of WBV \[[@pone.0188468.ref023]\]. Thus, there is preliminary evidence that both seated WBV and physical and mental work demands independently pose a risk of both acute incidents and long term health effects. However, the effects of seated WBV exposure combined with mental or physical work tasks remain unclear.

By investigating the combined effects of different work demands, we can better understand whether fatigue effects of sequential demands are additive, synergistic, multiplicative, or antagonistic; such findings would be an initial step towards informing health and safety practitioners, ergonomists, and workers to develop effective risk assessment techniques and ultimately work arrangement or scheduling strategies. The objective of the present study was to investigate fatigue-related human responses of seated WBV, when sequentially combined with physically demanding, mentally demanding, and a concurrent physical and mental demanding task.

Methods {#sec002}
=======

Participants {#sec003}
------------

Sixteen healthy participants ([Table 1](#pone.0188468.t001){ref-type="table"}) from the university community were recruited to perform four conditions combined with WBV. Each condition was separated into four sessions, at least 24 hours apart, with the order randomized for each participant. Participants were asked to refrain from exercise and caffeine/alcohol consumption 24 hours prior to all experimental sessions. All participants provided written consent to the terms and conditions of the study, including the procedures, possible risks, and photo release authorization. This study was approved by the Research Ethics Board of the University of Saskatchewan. The individual in this manuscript has given written informed consent (as outline in PLOS consent form) to publish these case details.

10.1371/journal.pone.0188468.t001

###### Participant demographics and driving experience.

![](pone.0188468.t001){#pone.0188468.t001g}

  Sex      Number   Age (yrs)      Height(m)     Weight(kg)      \# Years Driving Experience   Driving Frequency (per week)   Daily Driving Duration (\# Hrs) in Previous Year
  -------- -------- -------------- ------------- --------------- ----------------------------- ------------------------------ --------------------------------------------------
  Male     8        29.00 (8.35)   1.75 (0.10)   76.71 (14.26)   6.75 (11.44)                  3.34 (3.67)                    0.48 (0.28)
  Female   8        26.50 (2.62)   1.72 (0.11)   68.04 (9.10)    3.44 (4.80)                   11.83 (13.18)                  0.95 (0.59)
  All      16       27.75 (6.12)   1.73 (0.10)   72.38 (12.40)   5.09 (8.54)                   7.59 (10.24)                   0.72 (0.51)

Conditions {#sec004}
----------

Each participant performed four conditions on four separate days: (1) physically demanding work → WBV → physically demanding work, (2) mentally demanding work → WBV → mentally demanding work, (3) concurrent physical and mental work → WBV → concurrent physical and mental work, and (4) control quiet sitting → WBV → control quiet sitting ([Fig 1](#pone.0188468.g001){ref-type="fig"}). For the physical condition, participants were instructed to repetitively lift and lower a weighted box, from the floor to a shelving unit at the participant's knuckle height. At a cycle time of 5 seconds, the maximum acceptable load was determined by psychophysical tables to accommodate 90% of the respective male and female working populations \[[@pone.0188468.ref024]\]. Using pre-determined task parameters (frequency: 1 lift every 5 seconds, box width: 34 cm, vertical distance: 76 cm, lift/lower between floor level and knuckle height), for multiple component manual material handling tasks, the maximum acceptable weight limit was calculated to be 8 kg and 6 kg for male and female participants, respectively. Participants were instructed to distribute their lift and lower actions, to the best of their ability, over the 5 second period. The mental condition required participants to perform a computerized Stroop colour-word interference task while seated on the stationary all-terrain vehicle (ATV). The Stroop test has been extensively used as a neuropsychological test to challenge cognitive-perceptual processes \[[@pone.0188468.ref025]\]. A third condition required participants to perform a manual material handling task and the Stroop test (concurrent condition). Based on psychophysical methods, the concurrent condition required lifting and lowering weighted boxes at a cycle time of 9 seconds. After lifting the weighted box to the shelving unit, at knuckle height, participants were asked to target, pick, and place coloured objects contained inside the box to colour-coded marked locations on a second shelf at shoulder level. Selection of the desired coloured object and designated location was determined based on the text colour of the Stroop test. The maximum acceptable weight was calculated using identical task parameters to the physically demanding task condition, with exception of the lifting frequency (1 lift every 9 seconds). Male and female participants were instructed to lift a total weight of 10 kg and 8 kg, respectively. Finally, participants were asked to sit on the stationary ATV (control condition) during the 30-minute period. In all sessions, during 30-minute WBV, participants watched standardized television programming to mitigate boredom effects. Practice time for each condition, at the discretion of the study facilitator, was provided for all participants prior to each session.

![Experimental conditions and seated whole body vibration exposure.](pone.0188468.g001){#pone.0188468.g001}

Simulated whole body vibration {#sec005}
------------------------------

The occupational use of all-terrain vehicles has increased, particularly in the agricultural sector, for crop and livestock operations. Its increase use might coincide with changes in farming practices, where ATVs are preferred over traditional methods such as horses, tractors, and two-wheeled motorcycles \[[@pone.0188468.ref026]\]. In 2001, as many as 39% of all farms operating in the United States have reported ownership of one or more ATVs \[[@pone.0188468.ref027]\]. All-terrain vehicle operation is also pervasive in Canada's agricultural sector. Lim and colleagues (2004) cited ATVs as the most common machines related to injury, superseding tractor usage \[[@pone.0188468.ref028]\]. One rationale is the increased usage of ATVs both for recreational and work activity.

Field-obtained z-axis accelerations, based on previously-collected ATV quad-bike riding data \[[@pone.0188468.ref029]\], were simulated using a six degree-of-freedom hexapod platform. Data available from the Dryad Digital Repository: <https://doi.org/10.5061/dryad.9tr75>. This data was obtained from rural workers in New Zealand, operating Yamaha King Quad 450 quad bikes. Rural workers completed a standardized route over typical farm terrain for a duration of approximately 30 minutes; the farm terrain consisted of mix surfaces (gravel, packed earth, soft earth, rough surfaces, ditches and stones) typical in grain and pulse cultivation, and livestock production. A four-minute sample of ATV acceleration datum that contained no mechanical shocks was extracted and used as the input signal into the rotopod. The signal was repeated continuously to form a 30-minute segment. To determine the actual resultant accelerations at the seat, a tri-axial accelerometer (16G, NexGen Ergonomics Inc., Quebec) was embedded into a rubber seatpad based on international standards (ISO 2631--1) and signals were processed and analyzed offline (Vibration Analysis ToolSet, NexGen Ergonomics Inc., Quebec). Measured data was processed using weighting filters (W~k~) described in ISO 2631--1 guidelines for seated vertical vibration. Vibration magnitude experienced by 16 participants are shown in [Fig 1](#pone.0188468.g001){ref-type="fig"}. The partial exposure A(8), which characterizes workday exposures of the frequency-weighted RMS acceleration by 8-hour extrapolation was found to be 0.54 m/s^2^ (0.03). Based on ISO 2631--1, over an 8-hour period, the observed partial A(8) was within the ISO health guidance caution zone (0.45--0.9 m/s^2^), indicating potential health risks.

Fatigue test battery {#sec006}
--------------------

A comprehensive set of complementary fatigue measures were selected based on previous studies that identified and evaluated measurements and detection methods that were reliable, responsive to various work demands, and linked to both health outcomes and system/operational performance \[[@pone.0188468.ref003], [@pone.0188468.ref030]--[@pone.0188468.ref031]\]. Additionally, to gain a comprehensive picture of fatigue development, measures reflecting changes within multiple systems and domains (biomechanical, physiological, cognitive, and sensory systems) were selected. Although fatigue involves a complex interaction between sites of impairment (e.g., central vs. peripheral fatigue), the primary focus of this study is to investigate general changes within different fatigue domains (e.g., physical, cognitive, visual). Understanding these general effects might help focus further investigations using measures indicating changes at central and peripheral locations. Therefore, the selected measures in this study may be indices of general changes that can be attributed to peripheral or central effects. For instance, maximum voluntary contraction force is often cited as the most direct assessment of physical fatigue, involving both central and peripheral processes \[[@pone.0188468.ref032]\]. Measurements were performed in quick succession and ordered to minimize possible residual effects between measures. All test batteries consisted of: Borg's rating of perceived discomfort, postural sway, blink frequency, heart rate parameters (i.e., beats per minute---bpm), maximum voluntary contraction of the low back/lower extremity, and reaction time and accuracy based on choice reaction time (CRT) tests. Due to extensive time requirements to complete select tests, three measures were limited to pre- and post- session periods, and are indices of cumulative effects of both condition and WBV. These tests/tasks were: Semmes Weinstein monofilament test, Purdue pegboard assembly task, and psychomotor vigilance task (PVT). Data reduction, processing, and analysis were completed with conventional methods ([Table 2](#pone.0188468.t002){ref-type="table"}) using MATLAB (Mathworks, Inc., Natick, MA, USA). Pre- and post-test batteries required approximately 20 minutes to complete while intermediate test batteries between first bout condition and seated WBV (TB01) and between seated WBV and second bout condition (TB02) tests required less than 10 minutes. Ample practice time (i.e., at least 10 trials) was provided prior to all tests, but additional time was granted at the discretion of the study facilitator, at the beginning of the entire experiment and at the beginning of each session.

10.1371/journal.pone.0188468.t002

###### Summary of test battery collection strategy & processing/analysis methods.
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  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Collection Strategy                     Test Battery Measure                                                                                                                                                                                                                                                                                                                                                                                                             Collection Notes                                                                                                                                                                                                    Data Processing/Analysis                                                                                                                                                                                                      Interpretation Based on Increasing Workload or Fatigue
  --------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Every Interval (4 periods)              Borg's Rating of Perceived Exertion (6--20)                                                                                                                                                                                                                                                                                                                                                                                      Seven body parts: Lower back, hands/arms, neck, upper back, buttock, knee, ankle.                                                                                                                                   Expressed as value between 6 and 20. Submitted to non-parametric statistical tests                                                                                                                                            Increase in rating of perceived exertion (RPE) strongly coupled to fatigue \[[@pone.0188468.ref030]\].

  Postural Sway                           Two-minute collection duration \[[@pone.0188468.ref033]\]. Arms at the sides, feet shoulder width apart, toes pointing forward. Participants instructed to stand as still as possible.                                                                                                                                                                                                                                           Root mean square displacement amplitude calculated in the anterior-posterior direction over middle 60-seconds \[[@pone.0188468.ref033]\].                                                                           Increase in sway (COP RMS displacement in A-P direction) associated with fatigue \[[@pone.0188468.ref034]\].                                                                                                                  

  Blink Frequency                         Eye blink frequency (blinks/minute) during 2-minute collection, concurrent to postural sway. Participants instructed to gaze forward at a wall target.                                                                                                                                                                                                                                                                           High-pass filtered (0.1 Hz cut-off, 4^th^ Order Butterworth), to remove amplifier DC offset.\                                                                                                                       Increase in eye blink rate & duration are indices of decrement in vigilance and reduced alertness \[[@pone.0188468.ref035]\].                                                                                                 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                           Low-pass filtered (dual-pass, 4^th^ Order Butterworth, 10Hz cut-off), to removed EMG-based activity. Blinks determined by a threshold criterion described in \[[@pone.0188468.ref031]\].                                                                                                                                                                                                                                                          

  Heart Rate and Heart Rate Variability   Expressed as the number of beats per minute during 2-minute collection, concurrent to postural sway and eye blinks. Ratio of low frequency power band (0.04 to 0.15 Hz) and high frequency power band (0.15 to 0.40 Hz)--LF/HF.                                                                                                                                                                                                  Heart Rate = Frequency count.\                                                                                                                                                                                      Decrease in HR indicative of lowered alertness. Increase in HR related to increase workload. Increase in HRV (LF/HF ratio) associated with mental tasks and fatigue \[[@pone.0188468.ref036]\]                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                           HRV = LF/HF ratio.                                                                                                                                                                                                                                                                                                                                                                                                                                

  Maximum Voluntary Contraction (MVC)     Three 5-second MVC using fabricated back/lower limb force measurement system. Participants asked to sustain maximum exertion for 3-seconds with gradual increasing/decreasing ramps. Two-minute rest between contractions.                                                                                                                                                                                                       Resultant signal of the force along x, y, z axes. Resultant signal low-pass filtered (10 Hz, dual pass, 2^nd^ Order Butterworth). MVC force determined as the peak value of the three trials.                       Cited as a direct assessment of neuromuscular fatigue. Decrease in MVC force correlated with increasing neuromuscular fatigue \[[@pone.0188468.ref032]\]                                                                      

  Choice Reaction Time (CRT)              Ten consecutive trials.\                                                                                                                                                                                                                                                                                                                                                                                                         Reaction time and number of errors (accuracy).                                                                                                                                                                      Increase reaction time and number of errors with increasing mental fatigue \[[@pone.0188468.ref038]\].                                                                                                                        
                                          Four choices based on visual stimuli at random interval time between 1 and 4 seconds \[[@pone.0188468.ref037]\]. Input trial timeout of 2 seconds. Accuracy based on selection of correct choice and precision of targeting inner button. Multi-Operational Apparatus for Reaction Time (Lafayette Instrument).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  Pre- and Post- Session                  Psychomotor Vigilance Task (PVT)                                                                                                                                                                                                                                                                                                                                                                                                 Standardized 10-minute trial. Visual stimuli presented at a variable interval of 2 to 10 seconds. Participants instructed to respond to the appearance of the LED stimulus with the thumb of their dominant hand.   Measurement parameters: %Errors (\# errors committed/total number of trials), mean reaction time, reciprocal reaction time (response speed: 1/(RT/1000)), mean fastest 10% reaction time, and slowest 10% of reaction time.   PVT metrics related to lapses and psychomotor speed. Increases in errors and decrease in reaction time with increasing fatigue (time on task or sleep loss) \[[@pone.0188468.ref039]\]. Reciprocal transform sensitive to total and partial sleep loss.

  Purdue Pegboard Task                    Two, 30-second trials for dominant and non-dominant hands, with instructions to insert pins into the pegboard, as quickly and accurately as possible.\                                                                                                                                                                                                                                                                           Number of inserted pins or completed assemblies.                                                                                                                                                                    Decrease in completed assemblies or inserted pins related to decrements in hand dexterity (fine motor) skills \[[@pone.0188468.ref040]\].                                                                                     
                                          One, 60-second trial requiring assembly of pegs, two washers, and collars, using both hands as quickly and accurately as possible.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Semmes Weinstein Monofilament Test      Sensory measurement taken on the sole of the dominant hand and foot. Locations marked with indelible felt tip pen at the beginning of each session. Limb supported and participant blindfolded. Starting with 2.83 monofilament, filament applied to 5 locations, varying location and time of application. Three touches considered as a single test, and participants verbally indicated the sensation of a perceived touch.   Smallest perceived monofilament diameter was recorded for each hand and foot location.                                                                                                                              Correlation between altered plantar sensitivity and balance disorders. A reliable measure of cutaneous sensation \[[@pone.0188468.ref041]\].                                                                                  
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Experimental protocol {#sec007}
---------------------

During each separate test session, an experimental condition was performed continuously in two-15 minute bouts, before and after seated WBV exposure ([Fig 2](#pone.0188468.g002){ref-type="fig"}). Separation of the 30-minute condition duration into two equal 15-minute bouts, before and after seated WBV exposure, helped identify possible effects of WBV on physical, mental, and concurrent tasks.

![Experimental protocol.\
Top Inset: Experimental study collection protocol. Conditions presented in 2, 15-minute bouts, WBV in a single 30-minute bout. Bottom Inset: (A) Pre- and Post- session baseline test battery, (B) Intermediary test batteries between first bout of condition and ATV simulation and between ATV simulation and second bout of condition.](pone.0188468.g002){#pone.0188468.g002}

Previously-published findings had estimated total daily WBV exposure of 2.43 hours in agricultural herding work \[[@pone.0188468.ref042]\]. In a full-day field study, the average duration of continuous ATV driving from rural workers was 30 minutes \[[@pone.0188468.ref021]\]. This 30-minute WBV period has been previously selected to represent a typical continuous occupational operation of an ATV \[[@pone.0188468.ref043]\]. Similarly, in this study, participants were exposed to 30 minutes of ATV simulated accelerations.

The battery of fatigue measures was recorded at four periods: (a) beginning of the session (baseline), (b) after the first 15-minute task condition (TB01), (c) after 30-minutes of simulated WBV (TB02), and (d) after the second 15-minute task condition (Post). Collecting fatigue effects and responses with a test battery has advantages over collecting responses during activity on a simultaneous or continuous basis. Although continuous measurement might provide responses indicative of workload, a test battery allows for standardization and subsequently generalization across different work settings; it can also be administered without disruption to work processes. With this experimental protocol, we investigated the cumulative fatigue effects as a result of condition and/or seated WBV exposure.

Statistical analyses {#sec008}
--------------------

For each measure in each condition, measurement data at the four time periods were evaluated for their normality by plotting data as a histogram, drawing Q-Q plots, and by Shapiro-Wilk test. If data deviated from a Gaussian distribution, non-parametric approaches (i.e., Friedman's test) were considered. Otherwise, data were submitted to a repeated measures analysis using a general linear mixed model approach to determine whether there were statistically significant time effects. In the event of a significant main effect, to determine significant paired comparisons, Tukey-Kramer post hoc tests followed repeated measures analysis (⍺ = 0.05, parametric), and Wilcoxon-signed-rank tests with Bonferroni correction (adjusted ⍺ = 0.0083, non-parametric) followed Friedman's test. A two-way repeated measure mixed model analysis was performed on data from Purdue pegboard task (time x hand) and Semmes Weinstein monofilament tests of the sole of the dominant foot (time x foot test location). All statistical tests were performed using Statistical Analysis Software (Version 9.4, SAS Institute, Inc., Cary, NC, USA).

Results {#sec009}
=======

Statistically significant time effects ([Table 3](#pone.0188468.t003){ref-type="table"}) were observed during control quiet (9 measures), physical (11 measures), mental (7 measures), and concurrent conditions (12 measures). Of these measures, 4 were unique (i.e., different measurement tools) in the control quiet condition. Five measures were unique in the physical condition, 3 in the mental condition, and 5 were unique measures in concurrent. To help visualize the trends of the statistically significant measures, the mean responses at each measurement period were standardized to a z-score and plotted in [Fig 3](#pone.0188468.g003){ref-type="fig"}. Of the statistically significant time effect measures, a frequent measure demonstrating significant changes was Borg's rating of perceived exertion. Heart rate frequency also demonstrated significant trends in all conditions. Generally, trends of significant measures during the control condition indicate increasing self-perceived discomfort after the first 15-minute bout of quiet sitting and after 30-minutes seated WBV. Conversely, there were significant decreases in blink frequency and heart rate after seated WBV. Cutaneous sensation of the hand improved at the end of the session when compared to baseline values ([Fig 3A](#pone.0188468.g003){ref-type="fig"}). Self-perceived discomfort increased after both 15-minute bouts of physical activity, but decreased after subsequent WBV exposure. This trend was also observed with postural sway, blink frequency, and heart rate. Back/lower extremity MVC force significantly decreased as a result of physical activity, but increased after WBV ([Fig 3B](#pone.0188468.g003){ref-type="fig"}). The mental condition led to significant increases in body discomfort after the first 15-minute bout of the seated Stroop-test, and increased after WBV. Similar to the control condition, heart rate improved after seated WBV and cutaneous sensitivity improved at cessation compared to baseline ([Fig 3C](#pone.0188468.g003){ref-type="fig"}). Lastly, the concurrent condition trends were generally similar to the physical condition ([Fig 3D](#pone.0188468.g003){ref-type="fig"}); discomfort and heart rate increased after the two 15-minute concurrent bouts and decreased after WBV. MVC force decreased after the bouts of concurrent activity and increased after WBV. The Purdue pegboard test showed a decrease in the number of errors after seated WBV and the second bout of concurrent activity, when compared to the first bout of activity. Pre- and post- measures indicated an increase number of peg insertions and assemblies at the cessation of the session.

![Visualization of trends of measures demonstrating statistically significant time effects.\
Values standardized to z-values to visualize trends of measures for each condition. Data plotted over time at intervals of time at which a test battery was collected (cutaneous sensation and Purdue pegboard test limited to Pre-and Post). Increase z-value score indicate increasing fatigue based on conventional interpretation of each measure. Decrease z-value score indicate decreasing fatigue. (A) Control Condition. (B) Physical Condition. (C) Mental Condition. (D) Concurrent Condition. Statistical post-hoc comparisons between time periods were shown in [Table 3](#pone.0188468.t003){ref-type="table"}.](pone.0188468.g003){#pone.0188468.g003}

10.1371/journal.pone.0188468.t003

###### Measures exhibiting significant time effects in four conditions.

Mean(SD) or Median(interquartile range).
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                                            Measure                 Baseline                                                   TB01                                                                                        TB02                                                                                            Post                                                                                          Statistical Output
  ----------------------------------------- ----------------------- ---------------------------------------------------------- ------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------- ---------------------------
  Control                                   Borg RPE (Lower Back)   6.00 (6--11)                                               **8.00 (6--15)**[\*](#t003fn002){ref-type="table-fn"}                                       **10.00 (6--15)**[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}      9.00 (6--14)[\*](#t003fn002){ref-type="table-fn"}                                             χ2(3) = 29.132; p\<0.0001
  Borg RPE (Hands/Arms)                     6.00 (6--8)             **7.00 (6--11)**                                           **8.00 (6--15)**[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}   6.00 (6--12)[\*](#t003fn002){ref-type="table-fn"}                                               χ2(3) = 22.569; p\<0.0001                                                                     
  Borg RPE (Neck)                           6.00 (6--8)             **7.00 (6--11)**[\*](#t003fn002){ref-type="table-fn"}      **8.00 (6--13)**[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}   7.50 (6--12)[\*](#t003fn002){ref-type="table-fn"}                                               χ2(3) = 28.156; p\<0.0001                                                                     
  Borg RPE (Upper Back)                     6.00 (6--12)            **7.00 (6--14)**                                           **8.00 (6--14)**[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}   7.50 (6--15)[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}           χ2(3) = 24.758; p\<0.0001                                                                     
  Borg RPE (Buttock)                        6.00 (6--10)            **6.50 (6--12)**                                           **8.00 (6--12)**[\*](#t003fn002){ref-type="table-fn"}                                       7.50 (6--12)[\*](#t003fn002){ref-type="table-fn"}                                               χ2(3) = 22.1613; p\<0.0001                                                                    
  Borg RPE (Knee)                           6.00 (6--8)             6.00 (6--11)                                               **7.00 (6--12)**[\*](#t003fn002){ref-type="table-fn"}                                       6.50 (6--12)                                                                                    χ2(3) = 13.4211; p = 0.0038                                                                   
  Blink Frequency (per minute)              19.69 (10.43)           **29.2 (19.76)**                                           24.06 (18.06)                                                                               **34.94(23.27)**[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}       F = 5.89; p = 0.0018; ηp2 = 0.2821                                                            
  Heart Rate (BPM)                          89.43 (17.15)           88.30 (15.38)                                              82.33 (12.21)[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}      82.27 (12.52)[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}          F = 11.31; p\<0.0001; ηp2 = 0.4469                                                            
  Semmes Weinstein (Hand All Locations)     2.94 (0.15)             2.89 (0.22)[\*](#t003fn002){ref-type="table-fn"}           F = 4.34; p = 0.05; ηp2 = 0.0342                                                                                                                                                                                                                                                          
  Physical                                  Borg RPE (Lower Back)   6.00 (6--11)                                               **14.00 (6--20)**[\*](#t003fn002){ref-type="table-fn"}                                      11.00 (6--19)[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}          **13.00 (7--20)**[\*](#t003fn002){ref-type="table-fn"}[\#](#t003fn004){ref-type="table-fn"}   χ2(3) = 37.033; p\<0.0001
  Borg RPE (Hands/Arms)                     6.00 (6--11)            **9.00 (6--19)**[\*](#t003fn002){ref-type="table-fn"}      8.00 (6--19)[\*](#t003fn002){ref-type="table-fn"}                                           **10.50 (6--20)**[\*](#t003fn002){ref-type="table-fn"}[\#](#t003fn004){ref-type="table-fn"}     χ2(3) = 32.919; p\<0.0001                                                                     
  Borg RPE (Neck)                           6.00 (6--10)            **10.00 (6--19)**[\*](#t003fn002){ref-type="table-fn"}     7.00 (6--19)[\*](#t003fn002){ref-type="table-fn"}                                           **10.00 (6--19)**[\*](#t003fn002){ref-type="table-fn"}                                          χ2(3) = 30.899; p\<0.0001                                                                     
  Borg RPE (Upper Back)                     6.00 (6--11)            **12.00 (7--20)**[\*](#t003fn002){ref-type="table-fn"}     10.00 (6--17)[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}      **13.00 (6--20)**[\*](#t003fn002){ref-type="table-fn"}[\#](#t003fn004){ref-type="table-fn"}     χ2(3) = 35.565; p\<0.0001                                                                     
  Borg RPE (Buttock)                        6.00 (6--10)            **10.00 (6--19)**[\*](#t003fn002){ref-type="table-fn"}     10.00 (6--17)[\*](#t003fn002){ref-type="table-fn"}                                          **11.00 (6--18)**[\*](#t003fn002){ref-type="table-fn"}                                          χ2(3) = 35.565; p\<0.0001                                                                     
  Borg RPE (Knee)                           6.00 (6--10)            **10.00 (6--19)**[\*](#t003fn002){ref-type="table-fn"}     9.00 (6--18)[\*](#t003fn002){ref-type="table-fn"}                                           **11.00 (6--19)**[\*](#t003fn002){ref-type="table-fn"}                                          χ2(3) = 28.9112; p\<0.0001                                                                    
  Borg RPE (Ankle)                          6.00 (6--12)            **9.00 (6--19)**[\*](#t003fn002){ref-type="table-fn"}      7.00 (6--17)[\*](#t003fn002){ref-type="table-fn"}                                           **9.50 (6--17)**[\*](#t003fn002){ref-type="table-fn"}                                           χ2(3) = 22.6425; p\<0.0001                                                                    
  Postural Sway (mm)                        1.51 (1.04)             **3.27 (2.39)**[\*](#t003fn002){ref-type="table-fn"}       1.40 (0.80)[%](#t003fn003){ref-type="table-fn"}                                             **2.93 (1.99)**[\*](#t003fn002){ref-type="table-fn"}[\#](#t003fn004){ref-type="table-fn"}       F = 8.24; p = 0.0002; ηp2 = 0.3642                                                            
  Blink Frequency (per minute)              22.15 (15.72)           **31.00 (22.91)**[\*](#t003fn002){ref-type="table-fn"}     28.27 (19.52)                                                                               **29.61 (22.48)**                                                                               F = 3.07; p = 0.0374; ηp2 = 0.1742                                                            
  MVC Force (N)                             278.85 (138.57)         **237.00 (123.21)**[\*](#t003fn002){ref-type="table-fn"}   258.81 (143.10)                                                                             **251.00 (133.30)**                                                                             F = 2.69; p = 0.05; ηp2 = 0.1641                                                              
  Heart Rate (BPM)                          88.09 (16.36)           **106.72 (20.65)**[\*](#t003fn002){ref-type="table-fn"}    89.03 (16.37)[%](#t003fn003){ref-type="table-fn"}                                           **107.95 (20.03)**[\*](#t003fn002){ref-type="table-fn"}[\#](#t003fn004){ref-type="table-fn"}    F = 28.09; p\<0.0001; ηp2 = 0.6568                                                            
  Mental                                    Borg RPE (Lower Back)   7.00 (6--13)                                               **10.00 (6--13)**                                                                           **11.50 (6--15)**[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}      10.00 (6--15)[\*](#t003fn002){ref-type="table-fn"}                                            χ2(3) = 21.414; p\<0.0001
  Borg RPE (Hands/Arms)                     6.00 (6--16)            **7.50 (6--16)**[\*](#t003fn002){ref-type="table-fn"}      7.00 (6--14)                                                                                **8.00 (6--14)**                                                                                χ2(3) = 15.991; p = 0.0011                                                                    
  Borg RPE (Neck)                           6.00 (6--16)            **7.00 (6--16)**[\*](#t003fn002){ref-type="table-fn"}      **8.50 (6--14)**                                                                            8.00 (6--15)                                                                                    χ2(3) = 19.958; p = 0.0002                                                                    
  Borg RPE (Upper Back)                     6.00 (6--16)            **9.00 (6--16)**[\*](#t003fn002){ref-type="table-fn"}      **9.50 (6--14)**                                                                            9.50 (6--15)                                                                                    χ2(3) = 18.7099; p = 0.0003                                                                   
  Borg RPE (Buttock)                        6.00 (6--16)            **7.00 (6--16)**[\*](#t003fn002){ref-type="table-fn"}      **10.50 (6--14)**                                                                           9.50 (6--15)                                                                                    χ2(3) = 18.8857; p = 0.0003                                                                   
  Heart Rate (BPM)                          87.57 (15.00)           87.37 (11.19)[\*](#t003fn002){ref-type="table-fn"}         82.03 (10.49)[%](#t003fn003){ref-type="table-fn"}                                           82.33 (7.61)[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}           F = 6.19; p = 0.0014; ηp2 = 0.3065                                                            
  Semmes Weinstein (Foot All Locations)     3.31 (0.32)             2.91 (0.35)[\*](#t003fn002){ref-type="table-fn"}           F = 4.70; p = 0.0467; ηp2 = 0.0654                                                                                                                                                                                                                                                        
  Concurrent                                Borg RPE (Lower Back)   6.50 (6--12)                                               **13.00 (6--16)**[\*](#t003fn002){ref-type="table-fn"}                                      12.00 (6--17)[\*](#t003fn002){ref-type="table-fn"}                                              **14.50 (6--19)**[\*](#t003fn002){ref-type="table-fn"}                                        χ2(3) = 29.715; p\<0.0001
  Borg RPE (Hands/Arms)                     6.00 (6--12)            **10.00 (6--14)**[\*](#t003fn002){ref-type="table-fn"}     8.00 (6--15)[\*](#t003fn002){ref-type="table-fn"}                                           **10.00 (6--18)**[\*](#t003fn002){ref-type="table-fn"}[\#](#t003fn004){ref-type="table-fn"}     χ2(3) = 28.741; p\<0.0001                                                                     
  Borg RPE (Neck)                           6.00 (6--13)            **8.50 (6--14)**[\*](#t003fn002){ref-type="table-fn"}      8.50 (6--15)[\*](#t003fn002){ref-type="table-fn"}                                           **9.50 (6--17)**[\*](#t003fn002){ref-type="table-fn"}                                           χ2(3) = 26.885; p\<0.0001                                                                     
  Borg RPE (Upper Back)                     6.00 (6--12)            **7.00 (6--14)**                                           **8.00 (6--14)**[\*](#t003fn002){ref-type="table-fn"}                                       7.50 (6--15)[\*](#t003fn002){ref-type="table-fn"}                                               χ2(3) = 24.758; p\<0.0001                                                                     
  Borg RPE (Buttock)                        6.00 (6--12)            **10.00 (6--14)**[\*](#t003fn002){ref-type="table-fn"}     **11.00 (6--16)**[\*](#t003fn002){ref-type="table-fn"}                                      11.00 (6--17)[\*](#t003fn002){ref-type="table-fn"}[%](#t003fn003){ref-type="table-fn"}          χ2(3) = 33.378; p\<0.0001                                                                     
  Borg RPE (Knee)                           6.00 (6--14)            **8.50 (6--15)**[\*](#t003fn002){ref-type="table-fn"}      7.00 (6--16)[\*](#t003fn002){ref-type="table-fn"}                                           **9.00 (6--19)**[\*](#t003fn002){ref-type="table-fn"}[\#](#t003fn004){ref-type="table-fn"}      χ2(3) = 30.7674; p\<0.0001                                                                    
  Borg RPE (Ankle)                          6.00 (6--11)            **7.50 (6--14)**[\*](#t003fn002){ref-type="table-fn"}      7.50 (6--17)                                                                                **8.00 (6--19)**[\*](#t003fn002){ref-type="table-fn"}                                           χ2(3) = 21.5481; p\<0.0001                                                                    
  MVC Force (N)                             83.33 (11.69)           **106.00 (16.04)**[\*](#t003fn002){ref-type="table-fn"}    89.50 (14.50)                                                                               **105.10 (18.46)**                                                                              F = 3.13; p = 0.0349; ηp2 = 0.1725                                                            
  Heart Rate (BPM)                          690.90 (92.42)          **578.10 (97.85)**[\*](#t003fn002){ref-type="table-fn"}    685.63 (107.44)[%](#t003fn003){ref-type="table-fn"}                                         **587.67 (108.22)**[\*](#t003fn002){ref-type="table-fn"}[\#](#t003fn004){ref-type="table-fn"}   F = 23.04; p\<0.0001; ηp2 = 0.6220                                                            
  CRT (\# or Errors)                        1.57 (1.69)             0.86 (1.23)                                                **1.86 (1.29)**[%](#t003fn003){ref-type="table-fn"}                                         **1.93 (1.69)**[%](#t003fn003){ref-type="table-fn"}                                             F = 2.96; p = 0.04; η~p~^2^ = 0.1853                                                          
  Purdue Pegboard (R&L \# Peg Insertions)   15.17 (1.72)            16.07 (1.76)[\*](#t003fn002){ref-type="table-fn"}          F = 5.38; p = 0.036; ηp2 = 0.1774                                                                                                                                                                                                                                                         
  Purdue Pegboard (\# Assemblies)           8.00 (1.73)             9.13 (1.68)[\*](#t003fn002){ref-type="table-fn"}           F = 19.64; p = 0.0006; ηp2 = 0.5838                                                                                                                                                                                                                                                       

Dark box = increasing fatigue/workload response; intermediate shaded box = decreasing fatigue/workload response; white box = no substantial change from *preceding* test battery. Increase/decrease fatigue/workload response based on conventional interpretation (see [Table 2](#pone.0188468.t002){ref-type="table"}).

\* p\<0.05 (0.0083) vs Baseline

^%^ p\<0.05 (0.0083) vs TB01

^\#^ p\<0.05 (0.0083) vs TB02

Discussion {#sec010}
==========

This study led to six general findings: (1) Seated WBV exposure might provide a physical, sensorimotor, and physiological rest after physically demanding and concurrent physical/mental demands, but was not sufficient to recover to baseline values; (2) In all conditions seated WBV led to a decrease in heart rate; (3) Self-perceived discomfort significantly increased when compared to baseline values in almost all conditions and the majority of body locations, particularly after WBV exposure; (4) Improved cutaneous sensation of the dominant hand or foot in both control and mental conditions, although these changes were not observed during physical or concurrent sessions; (5) In the concurrent condition, manual dexterity speed (Purdue pegboard test) improved but the rate of errors during a CRT increased; in the control condition choice reaction time tests demonstrated moderate effect with faster reaction time but at the expense of increased accuracy errors; and (6) In both physical and control conditions, blink frequency decreased after seated WBV in comparison to 15-minute bouts of each condition.

Overall findings suggest that the effects of seated WBV, in combination with physical, mental, or concurrent tasks, are not additive but possibly synergistic or antagonistic. There appears to be a beneficial effect of seated WBV as a means of increasing task variation; but since excessive seated WBV may independently pose a health risk in the longer-term, these beneficial results may not be sensible as a long-term solution. The following sections discuss in greater detail the findings observed in each condition.

Control quiet condition {#sec011}
-----------------------

Self-perceived exertion reflects a combination of fatigue and discomfort. Self-perceived exertion of the lower back and neck increased after the first bout of quiet sitting. There is extensive literature linking prolonged sitting and body discomfort (such as \[[@pone.0188468.ref044]--[@pone.0188468.ref045]\]). For instance, Waongenngarm and colleagues (2015) \[[@pone.0188468.ref046]\] found increases in discomfort at the neck, upper back, low back, and hip/thighs after an hour of upright, slumped, and forward leaning sitting postures.

After seated WBV exposure, discomfort of six body locations, including lower back and neck, were significantly higher than baseline. Discomfort of the lower back, neck, hands/arms, upper back) were significantly higher after seated WBV when compared to the first 15-minute bout of quiet sitting. At all body locations, the second bout of quiet sitting decreased discomfort, compared to seated WBV, but remained significantly higher than baseline values. WBV alone has also been shown to increase body discomfort, and when combined with a prolonged seating posture, the development of discomfort may be accelerated \[[@pone.0188468.ref047]\].

Blink frequency increased during bouts of quiet sitting. Increased blink frequency may be related to lower arousal levels or induced anger, excitement, and muscle tension \[[@pone.0188468.ref048]\]. Increases in blink rate may be a function of time-on-task, particularly repetitive and monotonous tasks that lead to boredom and fatigue \[[@pone.0188468.ref048]\]. Although this study provided standardized television programming (i.e., a quiz show) to reduce task monotony, it is possible that this strategy was not sufficient to mitigate boredom during bouts of quiet sitting. Sakamoto and colleagues (2010) \[[@pone.0188468.ref049]\] investigated the effects of viewing distance and visual content on physiological responses including blink frequency. When providing "everyday TV programs" and on-screen text to prevent sleepiness and boredom, post-test blink rates increased in all viewing distances when compared to baseline. Additionally, in this study, since English was not the first language for several participants, it is possible that the TV programme might have been insufficiently engaging.

We observed a slight decrease in blink frequency after 30-minutes of seated WBV compared to quiet sitting. The effects of WBV on alertness have been mixed. EEG studies found a reduction in wakefulness or alertness after WBV. In Satou et al., (2007) \[[@pone.0188468.ref050]\], the authors found that short-term exposure to periodic WBV (0.6 ms^-2^ r.m.s. at 10 Hz) led to a decrease in the Alpha Attenuation Coefficient (AAC), which is associated with low wakefulness. In another study, based on recordings of Beta and Theta brainwave spectrums, Azizan and colleagues (2014) \[[@pone.0188468.ref051]\] found decreases in beta wave activity during both low frequency random and sinusoidal WBV at 0.3m/s^2^ for 20 minutes. A decrease in Beta wave activity was more pronounced during the sinusoidal condition, which implies a greater drowsiness effect during sinusoidal compared to random WBV. However, the effect on alertness may be time-dependent during random vibration, as the authors observed a significant increase in Theta wave activity (state of drowsiness) after random vibration. Indeed, in an earlier study, Landström and Lundström (1985) \[[@pone.0188468.ref052]\] found greater reductions in wakefulness during sinusoidal than random vibration.

Although trends were not statistically significant, we observed increases in postural sway after seated WBV during the control condition. Whole body vibration is commonly linked to tonic vibration reflex (TVR), which involves activation of muscle spindles, mediation of the neural signals by 1a afferents, activation of alpha motoneurons, and increase in motor unit recruitment \[[@pone.0188468.ref053]--[@pone.0188468.ref054]\]. It has been speculated that TVR might lead to increase in force exertion, alterations in force control, increases in tendon stress, and when long-duration exposures to vibration are repetitive, might contribute to muscle fatigue \[[@pone.0188468.ref055], [@pone.0188468.ref056]\]. Studies have demonstrated increases in postural sway after WBV exposure \[[@pone.0188468.ref057]\]. For instance, Martin and colleagues (1980) observed alterations of postural control after 30 minutes of vertical accelerations at 18 Hz and ±0.5 g \[[@pone.0188468.ref058]\]. Mani and colleagues (2010) \[[@pone.0188468.ref057]\] speculate possible mechanisms between seated WBV and postural disturbances, including biodynamic responses of the head, neck, and trunk that might alter sensory structures and systems (e.g., vestibular and visual). However, Martin et al., (1980) \[[@pone.0188468.ref058]\] argued that postural changes may be better attributed to sensorimotor systems located in the legs rather than vestibular organs and vestibulospinal systems. In these studies, effects were observed when WBV was delivered at frequencies higher than the current study (5.91 Hz), which were based on seated quad bike WBV data. Earlier field evaluations of ATV quad bike WBV indicate that peak frequencies ranged between 4 and 6 Hz \[[@pone.0188468.ref059]\]. Interestingly, based on WBV exposure at comparable frequencies, Mani and colleagues (2015) \[[@pone.0188468.ref043]\] did not find significant postural control alterations immediately after ATV riding but significant increases on a second test battery following the first 10-minute test battery.

Physical condition {#sec012}
------------------

Trends of perceived discomfort measures were consistent: an increase in fatigue response after the first bout of physical activity, a decrease after seated WBV exposure, followed by an increase in fatigue after the second 15-minute bout of physical activity. Although body discomfort decreased after seated WBV, when compared to the first bout of physical activity, discomfort of all body areas remained significantly higher than baseline. Therefore, seated WBV provided an opportunity to rest after a physically demanding task, but did not fully recover to baseline values.

Postural sway in the anterior-posterior direction increased after both bouts of physical activity when compared to baseline. After physical activity, increases in postural sway may be due to a correction of the central nervous system to account for increases in sensory threshold or reduced integration capacity \[[@pone.0188468.ref060]\]. Fatigue contributes to reduced sensory input and motor output of the postural system \[[@pone.0188468.ref034]\]. After seated WBV, postural sway significantly decreased. The decrease in postural sway may be better explained by the provisions of rest, which is further evidenced by maximum voluntary contraction force measurements. In this study, maximum strength of the back and lower extremities significantly decreased after the first bout of physical activity, slightly increased after seated WBV, and slightly decreased after the second bout. The increase in strength after seated WBV may be attributed to the provisions of rest since during the control condition, maximum strength did not increase after seated WBV.

Blink frequency and heart rate changed similarly to RPE, postural sway, and MVC force. Unlike the control condition, the increase in blink frequency during physical activity may be associated with increased muscle tension. The decrease in blink frequency after seated WBV could be attributed to the opportunity to reduce muscle tension. Heart rate was significantly elevated after physical activity and decreased to baseline values after WBV. Similar to the control condition, heart rate may be influenced by arousal levels. However, it is more likely that the observed significant reduction of heart rate was a consequence of reduced workload.

We can speculate from the above measurement responses that seated WBV introduces a form of task variation, providing an opportunity for physical rest following a physically demanding task. However, despite the opportunity to recover, exposure to WBV may prevent full recovery to baseline values.

Mental condition {#sec013}
----------------

The mental condition revealed trends that closely resemble the control condition. Self-perceived discomfort increased after the Stroop test for five body locations, four of which experienced significantly higher discomfort than baseline. Lower back discomfort increased significantly after WBV relative to baseline and the first bout of mental work. Quite possibly, the increase in body discomfort during mental tasks may be due to reduced movement and prolonged static postures; this is associated with *bracing effort*, which may be prevalent in tasks requiring cognitive demand or psychological stress \[[@pone.0188468.ref061]--[@pone.0188468.ref062]\]. Berolo (2015) \[[@pone.0188468.ref061]\] demonstrated reductions in the duration and size of scapular movements and associated muscle activation with increasing cognitive demand. Although discomfort increased after seated WBV in comparison to the two bouts of mental work, this effect was not statistically significant.

Previous studies have demonstrated a heightened level of heart rate *during* the Stroop-colour word interference task (e.g., \[[@pone.0188468.ref063]--[@pone.0188468.ref064]\]). In this study, heart rate was collected *before* and *after* both 15-minute Stroop tasks and did not reveal elevated heart rate levels. Similar to the control condition, heart rate markedly decreased after seated WBV, indicative of reduced alertness, and remained depressed during the second bout of mental activity; but unlike the control condition, blink frequency did not markedly change. Therefore, since we did not observe a change in blink frequency, the Stroop task itself might have provided an engaging mental workload; however, over the *entire* test session, PVT parameters generally trended towards longer reaction times, indicating possible decrements in alertness by the end of the test session. Although we did not observe statistically significant differences, the mean slowest 10% reaction time parameter particularly led to a moderate effect, based on effect size calculation. Heart rate variability also demonstrated a moderate effect. HRV ratio, an indicator of sympathetic and parasympathetic balance, increased after the first bout of the Stroop test and further increased after seated WBV, but there was a slight decrease after the second bout, mirroring body discomfort. Mental tasks and fatigue is associated with a decrease in parasympathetic nerve activity (i.e., an enhancement of sympathetic nerve activity), and therefore an increase in LF/HF ratio \[[@pone.0188468.ref065]\].

During control and mental conditions, cutaneous sensitivity of the hands and feet, respectively, increased at the end of the entire test session compared to baseline. These results are not consistent with previous studies on cutaneous sensation after WBV exposure. Since much of this literature on cutaneous sensation and WBV focuses on vibration (30--45 Hz, transmitted through the feet) delivered for therapeutic or as an exercise modality (e.g., \[[@pone.0188468.ref066]--[@pone.0188468.ref067]\]), our findings suggest a need for further research to focus on occupationally relevant WBV exposures.

Concurrent condition {#sec014}
--------------------

The concurrent mental and physical condition resulted in significant time effects based on the following measures: discomfort, MVC force, heart rate, number of errors during choice reaction time test, and number of insertions and assemblies during the Purdue pegboard test. Self-perceived discomfort, MVC force, and heart rate parameter responses were similar to the physical condition. Unlike the physical condition, postural sway did not appear to significantly change over the four periods, however, there was a moderate effect of time. Trends indicated an increase in posture sway after the first bout of concurrent activity, a slight decrease after seated WBV, and an increase after the second bout to values approximating the first bout.

Apart from the upper back, discomfort of all body areas significantly increased after the first bout of concurrent activity. Discomfort of the upper back and buttock significantly increased after seated WBV when compared to the first 15-minutes of activity. Discomfort of all remaining body areas did not change or they decreased after seated WBV, but levels remained significantly higher than baseline. As with the physical condition, seated WBV might have provided a rest period to minimize bodily discomfort, but discomfort levels did not recover to baseline values possibly due to the discomfort-enhancing effects of seated WBV.

Maximum voluntary strength of the low back and lower extremities demonstrated a significant decrease after the first bout, an increase in strength approximating baseline values after WBV, and a decrease after the second bout. The increase in strength after WBV, like the physical condition, may be attributed to the opportunity to rest and possibly, albeit less likely, an increase in muscle tension as a result of tonic vibration reflex.

Heart rate responses significantly increased after the first 15-minutes of concurrent activity, a significant decrease after WBV, and a significant increase after the second 15-minutes of concurrent activity. It is probable, like the physical condition, that changes in heart rate was a consequence of changes in physical workload.

In contrast to the physical condition, the concurrent activity resulted in an increased number of accuracy errors committed during a choice reaction test, particularly after WBV. The number of pegboard insertions and assemblies, on the other hand, improved over the course of the test session. This might suggest that participants, after concurrent and WBV activities, preserved their reaction time (i.e., movement speed) but at the expense of committing increased number of errors. To support this, although CRT reaction time was not statistically significant, trends indicated lower reaction times towards the end of the session. Previous studies have documented changes to reaction time and error rates after WBV, and as described earlier, the control condition resulted in moderate effects of increased reaction time but at the expense of decreased accuracy. Tian and colleagues (1996) \[[@pone.0188468.ref068]\] also observed significant increases in visual motor reaction time but increases in error rates among female crane operators, pre- and post- work. Newell and Mansfield (2008) \[[@pone.0188468.ref069]\] found that WBV exposure had a significant effect on the number of CRT errors and asserted its effect on arousal and motivation, rather than changes to motor control, coordination, and information processing speed. In Newell and Mansfield (2008) \[[@pone.0188468.ref069]\], the authors attributed an increased level of WBV-induced frustration and resulting distraction as the primary cause to poor performance. Ljungberg and Neely (2007) \[[@pone.0188468.ref070]\] observed similar effects. In that study, participants performed the attention task significantly faster but committed more errors after three axes vibration at 1.1 m/s^2^ r.m.s., but participants reported higher ratings of self-perceived alertness. Whether WBV influences alertness or motivation, as Ljungberg and Neely (2007) \[[@pone.0188468.ref070]\] noted, "the combination of perceived alertness \[*or changes in motivation*\] while at the same time exhibiting degraded performance could be a dangerous combination." (pp. 115, Ljungberg & Neely, 2007) \[[@pone.0188468.ref070]\].

Implications for occupational applications {#sec015}
------------------------------------------

Like many industries with non-routine multifunctional work, it is unclear how agricultural workers should best arrange work tasks and schedule their activities. The present study demonstrates the complexity of risk assessment for non-routine work. WBV combined with different demands do not have simply additive effects, but are often synergistic or antagonistic. Arranging and scheduling work duties appears to be contingent on the inter-dependent demands of the tasks. The present findings supported the beneficial effect of task variation, even if the task consisted of WBV exposure or physical/mental demands that independently pose MSD risk. When tasks are physically demanding, seated WBV led to a decrease in self-perceived discomfort, reduced postural sway, and limited strength recovery. Tasks composed of concurrent physical and mental demands resulted in beneficial physical effects from a WBV interlude, but possible impairments to visual motor skills (i.e., accuracy errors). Whole body vibration alone might lead to increased self-perceived discomfort effects and might affect arousal or alertness. However, optimal task ratios remain unclear; although in the short-term there could be beneficial effects as a result of increased task variation, there may be an increased risk of MSD, including low back pain and injury, in the longer-term if demands are excessive.

Strengths and limitations {#sec016}
=========================

One limitation of this study is the representativeness of the simulated WBV exposure, which was limited to a single axis stochastic signal excluding mechanical shocks. This was mainly due to technical limitations to reproduce motion with high precision. The representativeness of the WBV exposure might influence the observed sensorimotor responses. For example, previous field studies have demonstrated a significant effect of WBV on postural balance \[[@pone.0188468.ref057]\]; although the present study observed increases in postural sway, it did not meet the statistical criterion. It is quite possible that factors not replicated in this study might result in stronger trends that have been observed in naturalistic studies. These factors include mechanical shocks, increased exposure duration, multi-axis vibration and motion, and visual information in realistic ATV operation (i.e., exogenous factors). Nevertheless, the simulated WBV exposure approximated accelerations experienced in ATV operation at continuous driving durations typical in agricultural work \[[@pone.0188468.ref008], [@pone.0188468.ref021]\]. Future investigations should consider these factors and their contributions to fatigue effects. A second limitation is the ecological validity of the task demands simulated in this experiment. In this study, the frequency of manual material handling lifting was determined using established psychophysical guidelines, which considers productivity (i.e., as if performed on an incentive basis) and discomfort and fatigue (i.e., without experiencing unusual and undue discomfort if performed for an 8-hour period). Although it may be advantageous to invest in a detailed task analysis for occupational duties to calculate typical duty cycle, cycle time, and force exertions, the non-cyclical nature of these types of work may pose challenges in determining work parameters. A third limitation is the lack of a "no WBV" condition to help determine whether observed effects from seated WBV were a result of prolonged sitting or exposure to WBV. Based on overall seat comfort (or body discomfort), qualitative models describe both static seat factors (e.g., seat stiffness) and dynamic seat factors (e.g., WBV) as contributing characteristics \[[@pone.0188468.ref071]\]. Santos et al., (2008) investigated the effects of WBV on postural balance, reflex response, and muscle activity, and compared these effects against prolonged sitting without vibration \[[@pone.0188468.ref072]\]. Although muscle activities of the lower back were 22% to 48% higher after WBV compared to sitting alone, there were no extraordinary effects of WBV on balance and muscle reflex response \[[@pone.0188468.ref072]\]. From an injury aetiology perspective and to effectively develop targeted interventions, it might be important to disentangle the effects of prolonged sitting and WBV. However, the objective of *this* study was to understand the combined effects of relevant occupational exposures. In realistic work, exposure WBV is often delivered while seated during operation of vehicles and machinery. Finally, the addition of a test battery might unintentionally introduce a passive or active work break. There is a need to improve occupational monitoring of fatigue using a test battery; further research is required to help inform decisions on the selection, arrangement, and interpretation of fatigue measures.

A strength of this study is the inclusion of a complementary set of test battery measures to determine multidimensional changes associated with different work demands. Relying on observed changes to single dimensions or systems might not provide a comprehensive picture of fatigue development. Finally, contemporary jobs have been increasingly less monotask and more difficult to define by conventional work parameters (i.e., cycle time, duty cycle). This study provides an initial contribution to a sparse literature in non-routine work consisting of multiple ergonomic demands; however further research should be devoted to understanding the complex interactions between these demands.

Conclusion {#sec017}
==========

Jobs in agricultural, construction, transportation, and forestry are characterized as non-routine, non-cyclical, peripatetic, with discretionary and non-discretionary work breaks, involving physically and mentally demanding work tasks and frequent exposure to WBV. When seated WBV exposure was introduced to physical or concurrent demanding tasks, there was an observed beneficial effect in terms of self-perceived discomfort, strength, and postural sway. In the concurrent task, although there were beneficial physical effects after seated WBV, there were possible impairments to visual motor skills. Seated WBV without sequential demands may lead to increased bodily discomfort and affect the operator's arousal and alertness. Therefore, as a work arrangement strategy, there is utility in seated vehicle operation as a task variation strategy, but is dependent on the combination of demands and may independently pose long-term health risks.
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